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Abstract
This thesis documents the design, implementation, and testing of a real-time localisation system prototype
that can operate in a warehouse environment. The performance in a warehouse of three radio technologies
(Ultra-wide band time of flight measurement, 2.4GHz radio interferometry, and VHF signal strength map-
ping) were assessed. The ultra-wide band technology performed very well in the tests, and was used for the
remainder of the thesis project. It is projected that 19 ultra-wide band radios can cover the tested 10,000m2
warehouse section.
Two localisation algorithms were designed under simulation to accomplish the sensor fusion of the radio
and inertial motion measurements. The implemented Unscented Kalman Filter achieved better performance
than the sequential importance sampling particle filter. The Unscented Kalman Filter was also found to
have a lower execution time, making it more feasible to implement on an embedded system.
The real-time localisation system prototype was constructed and then tested in a warehouse environment.
The prototype achieved localisation within an average of 1.4 metres with 95% confidence under 4.0 metres.
This fell outside the initial goal of 2.0 metres at 95% confidence, but the localisation system was still stably
tracking the pedestrian with that precision. The electrical components would cost around 30 USD in full
production for a system that will last a full 8 hour shift on a single charge.
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Ubiquitous location information has become a mainstay for the modern ’location aware’ technologies. In the
consumer market, most smart phones and fitness trackers have access to a Global Navigation Satellite System
(GNSS) for navigation and tracking purposes. In aviation, transportation, agriculture, and construction
industries; cheap access to reliable GNSS has had a significant economic impact[1]. Despite this widespread
adoption in outdoor environments, GNSS has not been used for indoor location sensing. This is due to
satellite broadcast signals being too weak to be received reliably by commercial off-the-shelf receivers when
the line-of-sight to the sky is blocked[2]. A need exists for a reliable and accurate system for providing
location information for indoor environments.
1.1 Background
Right on the heels of civilian access to GPS (The United States’ GNSS system) in 1994, research into
providing a similar type of positioning system within buildings began. The earliest attempts in the early
2000’s [3][4] are shockingly similar to the current state-of-the-art technology. They approach the location
problem by combining both a radio frequency (RF) based method of measuring location and some sense of
pedestrian motion (via predictive algorithms, or direct measurement with inertial sensors).
The method of combining data sources to measure a common state is called sensor fusion. Sensor fusion
provides a statistical advantage while measuring the same physical states and different kinds of sensors can be
used to track multiple physical states simultaneously[5]. In pedestrian localisation, the pedestrian’s position
can not be directly measured. The sensor fusion algorithm must map the sensors’ measurements of physical
characteristics into the higher-order global location. The industry standard methods of estimating this
transformation in real-time are the kalman filter and particle filter, discussed in Section 5.1 and Section 5.2
respectively.
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1.2 Problem Definition
The warehouse environment is particularly ill suited for RF based pedestrian localisation. Steel racking
stretch floor to ceiling, packed full of pallets containing a variety of product types. The racking structure
causes significant multipath effects to RF signals, resulting in fading signal strength and reduced accuracy
of RF derived range measurements[6]. The racking’s contents change during normal warehouse operations,
adding a dynamic component to any attempt to model the long term multipath characteristics of the radio
channel.
This environment also has a need for accurate but affordable real-time location of pedestrians. The same racks
that contribute to multipath in RF signals also block visual line of sight to pedestrians inbetween the racking.
In a 2004 paper on forklift safety[7], the authors look at multiple studies that show a significant portion of
fatality and injuries involving warehouse mobile equipment are pedestrians struck by the machinery. As a
safety measure, there is great value in locating the position of pedestrians to alert heavy machinery operators
that may not be in line-of-sight.
This master thesis’ goal is to design and build a prototype of a low-cost real-time pedestrian localisation
system that can operate in a typical warehouse environment. For the localisation system to be useful, it
must be accurate enough to locate a pedestrian within a single aisle. Each aisle in a warehouse is separated
by racking that contains at least 2 pallets (approximately 2.4 metres deep), so the target system accuracy is
2.0 metres at a 95% (or 2 sigma) confidence. The system must not be prohibitively expensive to produce,
so the target per-pedestrian volume-production1 cost is 50 USD. Installing static infrastructure2 must be
minimised to reduce the expense in both labor cost and operational downtime.
1.2.1 Typical Warehouse Definition
Real world warehouses aim to store pallets in the available space as efficiently as possible, leading to as
many different racking configurations as there are warehouses. To simplify this problem, this paper will
use a portion of the Foodstuffs NZ Ltd. Hornby Distribution Centre (DC), whose floor plan is shown in
Figure 1.1, as the typical warehouse model.
This section of the Hornby DC is selected as a typical representative of a warehouse because it has a
rectangular area two faced rack design found in other literature[8]. Each aisle is 65.7 metres long, with a
total of 10,776 square metres of floor-space for testing. This section of the DC is used for more long term
storage so the traffic through the racks is lower and the contents of the racking changes less frequently.
1For the ease of costing materials 1000 units is the benchmark price-point.
2Static infrastructure includes lines for data and power, as well as the mounting and positioning of non-pedestrian mounted
radios.
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Figure 1.1: Foodstuff’s Hornby Distribution Centre Existing Warehouse Layout
CHAPTER 1. INTRODUCTION 4
1.3 Contributions
To the authors best knowledge, this is the first work on RF based real-time pedestrian localisation specifi-
cally targeting a warehouse environment. There are no comprehensive studies of the operational limits of RF
localisation technologies within warehouse racking (as conducted in Chapter 3). The field of indoor locali-
sation and pedestrian navigation have made invaluable contributions to this work. The main contributions
to the content of this thesis are as follows:
• Indoor localisation field surveys [9] and [10] for the overview on the state-of-the-art in RF localisation
technologies and techniques.
• Röhrig’s and Spieker’s work on forklift localisation using Chirp Spread Spectrum [11] as the only
available research on real-time RF localisation in a warehouse environment.
• DecaWave Ltd. UWB transceiver hardware[12], documentation, and software implementation of a
two-way ranging algorithm.
• Julier’s and Uhlmann’s Unscented Kalman Filter [13][14] and the python implementation, pykalman
[15], used for the real-time prototype.
1.4 Following Chapters
The remaining chapters of this thesis are organised as follows:
• Chapter 2 presents the information gathered in the literature review on the state-of-the-art of RF
techniques and technologies in the field of indoor localisation.
• Chapter 3 presents the measured performance of three methods of obtaining location through radio
measurements.
• Chapter 4 details the model of the radio and warehouse derived from the testing in Chapter 3.
• Chapter 5 present the theory and implementation details of two sensor fusion algorithms tested in the
simulation.
• Chapter 6 gives details on the hardware and software used in the real-time localisation system proto-
type.
• Chapter 7 presents the performance of the prototype as observed in the warehouse.
• Chapter 8 discusses possible future work to improve the performance of the prototype and develop it
into a commercially viable product.
Chapter 2
Technology Survey
In the field of indoor localisation there exists many RF technologies used to provide location information.
This chapter provides an overview of the most applicable RF technologies currently researched in the field.
The purpose of this survey is to identify RF technologies that have the capacity to provide location data in
a warehouse localisation environment, which has significant multipath interference.
2.1 Localisation Techniques
This section gives an overview of the common methods of deriving location information from radio signals.
2.1.1 Time of Flight (ToF)
The Time of Flight (ToF) technique measures the radio signal’s propagation time through air and calculates
the distance based on the speed of light through air[9]. Trilateration from multiple radio measurements
can then be used to calculate the position. This method relies on measuring the time when the signal is
sent and received to nanosecond precision (a 1ns error translates to approximately 30cm of ranging error1).
Synchronising the clocks across both the mobile target and infrastructure is complex and expensive; so most
localisation methods utilise a variations of ToF that does not require all radios to be synchronised.
2.1.1.1 Time Difference of Flight (TDoF)
Time Difference of Flight (TDoF) uses infrastructure receiver radios with their clocks synchronised which
record the time a poll message is received from the tracked target[10]. The relative difference between the
1 c/n * 1ns = 30cm where c is the speed of light, and n is the index of reflection of air (1.0003)[16].
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arrival times on two receivers can be used to calculate a hyperbolic curve of possible locations, and additional
receivers can be used to resolve the position of the target[17]. The TDoF technique is efficient in use of the
mobile targets power and the spectrum’s bandwidth. One poll message from the target is all that is required
to estimate the target’s location. The accuracy of the system relies on all receivers’ clocks to be synchronised
to sub-nanosecond accuracy, increasing the cost and complexity of the infrastructure.
2.1.1.2 Round-Trip Time of Flight (RT-ToF)
RT-ToF avoids the ToF technique’s requirement for time synchronisation by using the same hardware to
measure the time of flight of the signal. A transmitter sends a signal which is reflected or re-transmitted with
a known or measured delay by the target which is in turn received by the original transmitter[10]. The clock
drift of the hardware, and any uncertainty of the delay on reflection/transmission is the main contributor to
ranging error.
2.1.1.3 Double-Sided Two-Way Ranging (DS-TWR)
DS-TWR is the method used in IEEE 802.15.4a[18], and reduces the impact that crystal oscillator drift
has on the ranging accuracy. The technique uses two rounds of RT-ToF measurements, halving the error
introduced by clock drift[19]. This method increases accuracy with cheaper hardware, but requires double
the time to complete the ranging operation.
2.1.2 Angle of Arrival (AoA)
The Angle of Arrival (AoA) technique uses an antenna array to observe the direction of an RF signal’s
propagation. A triangulation technique is used to calculate the target’s position[9]. This method’s accuracy
is particularly vulnerable to multipath signals, which change the sensed angle of the signal and so require
methods to identify the first path signal [20]. The multiple antennas required by AoA implementations also
increase the hardware cost of the system.
2.1.3 Map Matching
The map matching method uses a map of known positions to the Received Signal Strength Indicator (RSSI)
of any sensed RF signals. Once the map is created, the RSSI from all sources are measured in real-time, and
the closest match to the map is used as the current position[9]. This method is typically used on existing
sources of RF signals, such as WLAN; so requires little to no additional infrastructure.
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The system’s precision is dependant on how accurately the map reflects the current RSSI propagation of
the environment. An extensive site survey is required to calculate an effective map, and the map must be
re-calibrated when factors change the radio propagation characteristics of the environment. In a warehouse
the stock stored within the racking change as part of normal operation; so any localisation system employing
a map matching technique must not be effected by changes in the racking’s content.
2.2 Indoor RF Localisation and Ranging Technologies
2.2.1 Indoor Global Navigation Satellite System (GNSS)
Direct use of GNSS for indoor localisation is impractical due to the signal being attenuated by the building[2].
Ground based GNSS transmitters, which operate like their satellites counterparts, have been used in military
research to reach centimeter accuracy[21]. These ‘pseduolites’ are expensive, requiring an extremely stable
clock[22]. The technique also suffers from closer pseduolites signals jamming signals from more remote
pseduolites, called the the near-far problem[23].
Instead of replicating the satellites entirely, GNSS repeaters are available which receive the GNSS signals
outside and re-transmit them within the building[2][22]. The repeater hardware is cheaper than the pseduo-
lites, being a RF amplifier that does not need a stable clock. Infrastructure cost is significant for a repeater
system, requiring a rooftop antenna to receive the original GNSS signals, and the delay in each line to the
indoor repeaters must be measured and removed via calibration.
2.2.2 Frequency-Modulated Continuous-Wave (FMCW) Radar
FMCW radar continually transmits a frequency modulated saw-tooth signal, called a chirp, which is reflected
off the target. Unlike traditional radar technology, the reflected signal is squared with the transmitted signal
which creates a low frequency beat that can be be used to calculate the range to the target[24].
Indoor settings are a cluttered environment, so active tags are used to reliably distinguish pedestrian from
untracked objects and the room. Active tags boost the reflected FMCW signal with a stable time delay[25],
which gives the reflected signal a better effective range. In indoor tests the measurements have 8cm precision,
but multipath conditions indoors negatively impact the effective range of the system to 24m in open air[26].
FMCW radar with active reflecting tags cannot reach the required range to cover a warehouse aisle, and is
negatively affected by multipath interference[27]. A commercial TDoF implementation[28] operates indoors
but requires all radios to be in range of the time synchronisation base-station, which is likely to be a failure
mode in a large warehouse. Likewise the FMCW radar transceivers are expensive, and operate at 5.8-24
GHz which would have poor penetration through racking.
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2.2.3 Ultra Wide-Band (UWB)
Ultra Wide-Band technology uses sub-nanosecond pulses more than 500MHz wide for communication. The
time the pulses are received can be measured, and so ToF class of techniques are used to measure the distance
traveled. The Federal Communication Commission (FCC) regulations allow UWB to operate indoors within
3.1 - 10.6 GHz without a license as long as the transmission power is under -41.3 dBm[29]. Regulations in
New Zealand follow the more strict European Union regulations, requiring a Low Duty Cycle (LDC) for
the 3.8-4.2GHz band[30]. UWB technology have multiple commercial off-the-shelf (COTS) implementations
built for both communication and ranging applications [12][31].
UWB is particularly suited for indoor localisation due to its tolerance to multipath interference. UWB
transceivers, using a Rake receiver, can combine the delayed signals that are the result of multipath inter-
ference to decrease the symbol error rate. In ranging applications, this same knowledge can be used to find
the first component of decoded multipath signal[32].
Due to the short wavelength of unlicensed UWB frequency, signals do not propagate sufficiently through
solid objects. While the signal is traveling through material, the propagation delay will cause other reflected
multipath components (traveling through open air) to reach the receiver first[33]. It is possible to detect
when the line of sight is blocked, but the distance can not be recovered from such observations[34].
2.2.4 Chirp Spread Spectrum (CSS)
CSS uses ‘chirps’ that are composed of sweeping sinusoidal waves about the 2.4 GHz ISM band[35]. CSS
based ranging has shown ranges of up to 60m in Line of Sight (LoS) conditions[36], but like UWB, the
technology has reduced accuracy when LoS is blocked. A fork-truck localisation system using the CSS is
shown to achieve 2m accuracy[11].
COTS implementations of CSS based localisation is expensive and not readily available. There is only one
commercial CSS ranging radio on the market produced by Nanotron Technologies using ToF[37]. Semtech
Corporation describes a TDoA method of localisation in relations to their LoRa Alliance technologies[38],
but no papers or hardware referencing are accessible at the time of this writing.
2.2.5 Radio Interferometric Based Positioning System(RIPS)
RIPS utilises 2 transceivers emitting precise frequencies close enough in wavelength to generate a low fre-
quency interference signal. By measuring the phase difference of multiple transmitters over multiple frequen-
cies, the target position can be calculated. The original design proposed a method using 2 time synchronised
receivers and network of 8 transmitters to discern a 3d location[39]. An updated version of the same system
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demonstrated a more practical application of multiple moving targets[40]. The system is reported to use 12
transmitters to cover a 72,000 m2 outdoor area. A solution using a frequency sweep to determine ToF has
been shown to increase the range of the system in simulation[41].
RIPS based localisation can operate using cheap RF hardware and a wide range of carrier frequencies, but re-
quires computationally complex differential analysis of signal phase[39]. Atmel have developed a proprietary
ranging technology that sweeps over the 2.4GHz ISM band using their AT86RF233 radio transceiver[42].
Dual-tone RIPS (DRIPS) is a modification of the original design where the targets emit dual-tone signals
separated by less than the channel’s coherence bandwidth[43][44]. The dual-tone signal is received by mul-
tiple anchor stations, which when squared together create low frequency tones whose phase contain enough
information for TDoF localisation. The technique is shown in simulation to improve effective range dra-
matically and reduces system complexity. The system is far more inaccurate than RIPS due to frequency
approximations made to remove time synchronisation between the radios.
RIPS gives inaccurate ranging in environments with multipath interference[45]. DRIPS is shown in simulation
to mitigate the problem of multipath phase shift[44], but as presented the precision is on the order of 100m.
2.2.6 Near Field Electromagnetic Ranging (NFER)
The Q-Track Corporation has developed a localisation technology which uses near field effects of low fre-
quency transmissions called NFER. The technology exploits the fact that two parameters of the magnetic
field have a 90 degree phase offset at the antenna, and do not completely come into phase until a half-
wavelength away. The phase difference of the two parameters directly correlate to the distance from the
antenna[46].
NFER benefits from using long wavelengths, which are better able to penetrate through solid objects and
more resistant to multipath. Q-Track’s localisation system using a wavelength of 232m achieves 4m accuracy
with a 70m indoor range[47].
Q-Track has patented the use of near field effects for ranging[48] and no other sources of research are
attainable. Practical antenna size also limits the effective range; Q-Track is already operating their antenna
close to the maximum theoretical gain relative to size[49].
2.2.7 Wireless Local Area Network (WLAN) Map Matching
WLAN map matching uses the RSSI of 2.4 GHz and 5 GHz WLAN access points (APs). The simplest im-
plementations use an RSSI fading model to directly correlate measured RSSI to distance from the APs[50].
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RSSI is impacted by constructive and destructive interference from multipath, so most WLAN based locali-
sation use a map matching system discussed in Section 2.1.3. Modern warehouses require WLAN coverage
for normal operation, so a localisation system based on this would require no additional infrastructure.
Stability of RSSI over distance and time are major factors for an accurate WLAN based localisation system.
The measured RSSI is not stable throughout the day as temperature and humidity change. Pedestrian
orientation also has an effect on the RSSI, causing the signal strength to drop 5 dBm to 10 dBm when
the antenna is blocked by the pedestrian’s body[51]. Long term environmental changes also degrade system
reliability[52], requiring updates to the map to maintain system accuracy. The warehouse is particularly
ill-suited for the WLAN map matching techniques; pallets with metal product and heavy machinery change
positions in the warehouse during normal operation and have strong influence on RSSI measurements[53].
2.2.8 Very High Frequency (VHF) Map Matching
VHF radio is an alternative to WLAN for a map matching system that may mitigate some of the stability
issues with WLAN RSSI. COTS personal range FM radio transmitters operate between 88.1 MHz and 107.9
MHz that are more stable over time than WLAN frequencies[54]. Regulatory requirements are not stan-
dardised for all countries regarding low power unlicensed VHF transmitting, but the effective transmission
range is limited to 60 metres by FCC guidelines[55].
Using both VHF and WLAN map matching together show success at increasing system accuracy and stability.
An implementation used VHF map matching from local FM radio towers to achieve room level accuracy[54].
Another implementation uses local low-power COTS FM transmitters with known locations and achieves
accuracy of 0.85m with 95% certainty[56].
2.3 Technologies Considered for Warehouse Testing
Due to the absence of available literature on the surveyed localisation technologies performance in warehouse
environments, the next step involves the selection of credible technologies as candidates for the prototype and
to ascertain their practical performance in a warehouse. The decision matrix in Table 2.1 was constructed
with the major criteria for a practical warehouse localisation system.
The criteria outlined as:
• Commercially Available: The basic technology must be available for mass production.
• Restricted Spectrum: The wireless spectrum utilised must be free to use (does not require spectrum
leasing).
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• Multipath Resistant: The warehouse is particularly likely to cause multipath interference. Any tech-
nology should give accurate ranges under multipath interference.
• Maximum Range: The longer the effective range of the technology, the lower the cost of static infras-
tructure. The technology should be able to range down a typical warehouse aisle of at least 80m.













UWB Yes No Yes 300m 0.1m4
CSS Yes1 No Yes 60m 2m
RIPS Yes No Unknown 100m 1m4
NFER Yes1 No Yes 70m 4m
Indoor GNSS Yes1 Yes No Unknown 1m
WLAN Map
Matching
Yes No N/A2 N/A3 1m
VHF Map
Matching
Yes No N/A2 60m 1m
FMCW Radar Yes No No 10m 0.1m4
1 Limited commercial availability.
2 Map matching techniques use multipath interference, so accuracy is not directly affected by multipath.
3 Warehouse is fully covered by WLAN signals.
4 Using ranging accuracy, no published indoor localisation system accuracy.
Table 2.1: Decision Matrix of Surveyed RF Technologies
UWB, RIPS, and VHF Map Matching were selected as the technologies to fully test in the warehouse
environment, detailed in Chapter 3.
UWB meet all the criteria for the real-time prototype. The technology is mature enough to have two
commercially available transceivers. Its use of wide bandwidth provides the best possible chance of mitigating
multipath effects. The frequency the UWB transceiver uses a small antenna that will be easier to integrate
into a wearable product.
RIPS was chosen for its low cost, commercial availability, and the maximum range was second only to UWB.
There is no literature on RIPS specifically characterising the multipath interference performance. It was
unknown the degree of multipath interference that would be present in the warehouse environment.
VHF Map Matching was selected to see if the VHF signals would be less affected by changes in racking
content. WLAN Map matching was not considered because the warehouse is too dynamic to support an
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accurate and repeatable WLAN based map matching system.
CSS and NFER both also meet the criteria set for a practical localisation technology, but were not selected
due to limited hardware availability. The CSS hardware required for testing from Nanotron (the sole supplier)
was over 4000 USD. NFER similarly would have required partnering with Q-Track to have access to the
intellectual property required to develop a warehouse localisation system. Indoor GNSS and FMCW were
similarly not selected for further testing due to the price of obtaining the equipment.
Chapter 3
Real-World Testing
The purpose of the real-world testing is to ascertain the practical performance of the technologies identified
in Chapter 2. The trials provide valuable data for the system model, documented in Chapter 4. The equip-
ment used to test the three most promising technologies, identified in the previous chapter, is described in
Section 3.1. The remaining sections document the measurements conducted in Ilam Fields by the University
of Canterbury and within the Foodstuff’s Hornby DC.
3.1 Tested Hardware
3.1.1 Radio Interferometric Based Positioning System (RIPS)
The hardware purchased for RIPS testing is the Atmel REB233SMAD Evaluation Kit[57] shown in Figure 3.1.
The evaluation kit uses the AT86RF233 2.4 GHz ISM transceiver with a integrated in phase difference
measurement unit[58]. Included with the evaluation kit is a proprietary software stack developed by Atmel
called the RTB Eval App[59].
Figure 3.1: Atmel REB233SMAD Evaluation Kit
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The RTB Eval App sends data with a standard IEEE802.15.4 protocol and then conducts ranging using
the proprietary code. The ranging code sweeps over a user defined portion of the ISM band. During each
ranging round, four separate sweeps are conducted using the four unique pairs of antennas. The four range
measurements are then combined using a Distance Quality Factor (DQF) for a weighted mean. The weighed
mean, weighed DQF, and each antenna pair’s ranging and DQF are recorded on the PC via a supplied
python application.
The RIPS radios have two different tuning parameters used in the tests: channel and step size. The radios
operate on multiple IEEE 802.15.4 channels (11-26 which correspond to 2405MHz-2480MHz[58]). Using
different channels can avoid interference from other radios operating in the 2.4GHz spectrum, shared by
WLAN, and so indoor measurements were conducted using Channels 11 and 26. The other parameter sets
the step size used by the Phase Measurement Unit(PMU). The proprietary ranging code steps through
the entire 2.4GHz channel with the PMU measurement step size [59]. The shorter the step size, the more
measurements are conducted.
3.1.2 Very High Frequency (VHF) Map Matching
The VHF transmitter was constructed as a 1/4 wavelength dipole antenna. The antenna was driven by
a Silicon Labs Si4713 FM radio transmitter[60] on a Adafruit breakout board[61]. The transmitter was
managed by a Freetronics Eleven[62] microcontroller using example code provided by Adafruit[63]. he
transmitter box, shown in Figure 3.2, could be mounted both horizontally or vertically on a mounting pole
to provide a horizontal and vertically polarised signal. The transmitter was configured to transmit a 88.1
MHz signal, the lowest allowable frequency not used by commercial FM radio.
Figure 3.2: Custom build VHF transmitter with 1/4 wavelength dipole antenna
The FM receiver hardware, shown in Figure 3.3, was constructed as a 1/4 wavelength dipole antenna. The
antenna is vertically polarized and mounted close to the pedestrian inside a high-visibility vest. The receiver
uses a Si4703 FM radio tuner[64] on a Sparkfun evaluation board. The FM tuner is managed by an Arduino
Pro Mini microcontroller using a library supplied by Sparkfun[65] and the timestamped RSSI data was
recorded on a PC.
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(a) Front (b) Back
Figure 3.3: Custom build VHF receiver with 1/4 wavelength dipole antenna
3.1.3 Ultra-Wide Band (UWB)
The DecaWave DW1000 UWB transceiver[66] on a pair of EVB1000 evaluation boards[67], shown in Fig-
ure 3.4, were used for hardware testing. The provided UWB antenna is an omni-directional antenna, but
the gain still varies with regard to antenna rotation[68]. For consistent measurements, all readings were
taken with the ground planes facing each other (with the exception of the orientation test in Section 3.4).
The EVB1000 is supplied with a DecaRanging demo application which performs DS-TWR at various user-
specified channels and configurations. During the trials, raw SPI communications are recorded from the PC
DecaRanging application. After the tests a custom post-processing script is run over the SPI logs to generate
the ToF, distance, approximated received signal level, and approximated first path power level.
Two parameters of the UWB transceivers were investigated as part of the testing. The first parameter is the
UWB channel number, as documented in Table 3.1. While channel 4 has a lower centre frequency, channel
7 is preferred because it can be used in Europe and New Zealand without special licensing[30]. The second
parameter are the three data rates (6.8Mbps, 850kbps, and 110kbps) of which faster speeds have a negative
impact on the maximum transmission range[66]. It is valuable to keep the data rate as high as possible, as
the higher data rates leave more airtime free, supporting more radios.
Channel Number Centre Frequency (MHz) Bandwidth (MHz)
4 3993.6 1331.2
7 6489.6 1081.6
Table 3.1: UWB Channels Used In Warehouse Testing
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Figure 3.4: DecaWave’s EVB1000 UWB transceiver development board
3.2 Testing Methodology and Notation
The sections below present the data gathered from many tests conducted to determine the performance of
the three selected RF technologies. This section gives the reader an overview of how the data was processed
and how the figures in the subsequent sections present the data.
3.2.1 Ranging Error Calculation
The RIPS and UWB technologies both measure the distance between the two radios. As the technologies
must provide an accurate measurement over any arbitrary distance, a metric herein referred to as ‘Ranging
Error’ is used to compare their performance. The ranging error is calculated in Equation 3.1
ǫ = dgt − dr (3.1)
where the ranging error ǫ is the difference between the ground truth measured distance dgt and the distance
from the ranging measurement dr.
3.2.2 VHF Received Signal Strength Measurement
The VHF receiver has built in hardware for measuring the RSSI of the received signal. Unlike the ranging
technologies, the RSSI cannot be directly converted into a distance, so the ranging error calculation presented
in Section 3.2.1 is not applicable to this technology. For map matching to work with the VHF signals, the
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tests are looking for invariance in the RSSI over different product in the racking. For this reason the figures
reporting on the performance of the VHF radio show the RSSI gathered during testing.
3.2.3 Testing Results Figure Notation
All the tests presented in the subsequent sections involve recording multiple measurements at each location.
The notation presented below uses the hourglass box plot to give the reader a visual reference of the mean,
variance, and overall shape of the data. Figure 3.5 shows the raw ranging error of a typical UWB measurement
with the generated box plot next to the data. The centre horizontal red line is the mean of the data. The
blue horizontal lines of the box show where 50% of the data lies, and the whiskers show where 75% of the
data lies. Any measurements that are observed beyond these bounds are plotted as semi-transparent red
points. The notch about the mean line shows the 95% confidence interval about the mean. The wider the
notch, the more the raw data is spread out around the mean.
Figure 3.5: Raw UWB Ranging Error With Generated Box Plot
3.3 Open Field Test
The open field tests were conducted in Ilam Fields next to the University of Canterbury. The equipment
is setup as shown in Figure 3.6. Ground truth was measured with a Leupold RX-800i laser rangfinder[69]
aimed at the wooden board used as a target. The stationary radio was placed 20 metres from the street,
and the other radio was moved down the length of the field.
The UWB results are shown in Figure 3.7. The DecaWave spec sheet claims 300m maximum range[12], but
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after 200 metres the target board was too small for the laser rangefinder to measure. The data rate of the
UWB communication had a clear impact on the maximum range. The 6.2 Mbps configuration was only able
to communicate to 40m. This rules out the 6.2 Mbps data rate as a viable option, and is not considered in
the remaining tests. The 850 kbps data rate was able to achieve communication the full 200m range; longer
than any line of sight distance in the warehouse.
The maximum range of the Atmel RIPS was 75m using a 2MHz step size. Shown in Figure 3.8 are the results
up to 50m. The precision of even the smallest distance step was greater than 2m, and at maximum range
the measurements were incredibility imprecise. The 0.5 MHz step size was not able to conduct ranging after
50m, and the 2MHz measurements did not improve in precision.
In the open field test, the RSSI of the VHF signal decreases quickly over distance, as shown in Figure 3.9.
The horizontally polarised signal showed slightly higher RSSI than the vertically polarised signal.
3.4 Antenna Orientation
The antenna orientation test was conducted in the same field as the open field test discussed in Section 3.3.
Ground truth was measured with a 30m tape measure laid out over the length of the testing area. At each
distance interval, ranging was taken at approximately 45 degree increments in the azimuth.
The UWB measurements shown in Figure 3.10a appears relatively unaffected by antenna orientation. The
precision of the UWB measurements, shown in Figure 3.10a, is under 20cm, which is the same precision
observed in the open field tests. The 270° data at the 1m reading was corrupted and unrecoverable.
The RIPS measurements shown in Figure 3.10b show no predictable bias based on antenna orientation. The
variation measured is mostly below 0.4m which the earlier open field tests show is below the radio’s ranging
precision. During the 20m ranging trials, the radios had difficulty communicating, and far larger errors were
observed and compared to those in 10m or 30m. The effect was not observed in the open field test.
The orientation of the antenna and pedestrian does not have a predictable effect on the RSSI of the VHF
signal, shown in Figure 3.10c. At the 180° measurement, the receiver is facing away from the transmitter
(signal travelling through the pedestrian), and there is no appreciable RSSI drop except in the 1m observation.
The RSSI measurement changes over the rotation by 10 – 15 dBµV without any apparent pattern relating
to orientation, as observed in the open field test.
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Figure 3.6: VHF Signal Strength Setup In The Open Field Test
(a) Channel 7 at 850kbps
(b) Channel 7 at 6.2MHz
Figure 3.7: UWB ranging error in open field test
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(a) Channel 26, Step Size 0.5 MHz
(b) Channel 26, Step Size 2 MHz
Figure 3.8: RIPS ranging error in the open field test
(a) Horizontal Polarization
(b) Vertical Polarization
Figure 3.9: VHF 88.1 MHz in the Open Field Test
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(a) UWB Antenna Orientation Results
(b) RIPS Antenna Orientation Results
(c) VHF Pedestrian Orientation Results
Figure 3.10: Antenna Orientation Test Results
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3.5 Pedestrian Interaction
The pedestrian interaction test’s purpose is to observe the effect of closely mounting the RIPS and UWB
to a pedestrian. The VHF’s response to pedestrian interaction was observed along with orientation in
Figure 3.10c. The radios were mounted close to the centre of the pedestrian with a plastic bracket. Ranging
measurements were taken facing front (radios had clear line of site) and back (signals were forced to travel
through the pedestrian) up to 30m in a clear open field. Ground truth was established using a 30m tape
measure as in the orientation test in Section 3.4.
The UWB signal was significantly effected by the pedestrian’s body. When the the line of sight was blocked
by the pedestrian’s body in Figure 3.11b, the system lost communication before 7m. The signal was not
significantly affected by the pedestrian’s body when it wasn’t blocking the signal’s path.
The RIPS ranging performed similarly to UWB when blocked by the pedestrian. As shown in Figure 3.12b,
the maximum achievable range was 7m, 1m further than UWB was able to achieve. The ranging accuracy
was similar to the open field test when the pedestrian’s body did not block the signal’s path, shown in
Figure 3.12b.
For the VHF signal, the pedestrian interaction showed no appreciable affect on the RSSI in Figure 3.10c.
For this technology, this test had to be combined with the orientation test because the radio was worn by a
pedestrian on all tests to eliminate the effects of coupling with the pedestrian’s body.
3.6 Open Warehouse Aisle
The open aisle test was conducted at the Foodstuff’s Hornby Distribution Centre. The radios were set up
40cm from the edge of the aisle (80cm for the FM radio), and ground truth was taken by lining up the
measurements with a rack leg. A majority of the testing was conducted in a section of the warehouse with
racks 66m long, and so this is the maximum length measured in this test. The purpose of the test is to
measure the best case performance that can be expected in the warehouse environment.
UWB ranging was able to accurately measure the full length of the 66m aisle. Channel 7, shown in Fig-
ure 3.13b, had similar precision and bias seen in the open field test described in Section 3.3. Figure 3.13b
leaves out some outlying measurements at the 40m distance which give ranges 20-40m shorter than ground
truth. The channel 4 ranging, shown in Figure 3.13a, have lower precision in the same distances which
the outliers are observed in channel 7. The outliers are observed throughout the testing, and are discussed
further in Section 3.11.
The RIPS radios were unable to range effectively down the full length of the aisle, shown in Figure 3.14.
Channel 11 failed to communicate past 60m and channel 26 suffered many ranging failures after that distance.
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(a) Unblocked
(b) Blocked
Figure 3.11: UWB Pedestrian Interaction Ranging Error
(a) Unblocked
(b) Blocked
Figure 3.12: RIPS Pedestrian Interaction Ranging Error
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(a) Channel 4
(b) Channel 7
Figure 3.13: UWB Open Aisle Ranging Error
(a) Channel 11
(b) Channel 26
Figure 3.14: RIPS Open Aisle Ranging Error
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Other than max range there appears to be little difference between the two channels.
(a) Horizontal
(b) Vertical
Figure 3.15: VHF Open Aisle RSSI
Figure 3.15 shows that the VHF RSSI is affected by the racking. As with the open field test, the horizontal
polarisation shows a slightly higher RSSI, but the horizontal polarisation also shows more erratic fading
than the vertical polarised signal. Both polarisation’s are quite weak by 50m, where the signal would be
indistinguishable.
3.7 No Line Of Sight (NLoS) Ranging Performance
The NLoS tests were conducted in the Foodstuff’s DC, in the same location as the open aisle tests in Sec-
tion 3.6. Ground truth is measured using a combination of the Leupold laser rangefinder used in Section 3.3
and a measuring tape. The purpose of this series of tests is to determine how the ranging is affected by the
racking and to determine if different classes of products will change the ranging performance.
3.7.1 Ultra Wide-Band
Shown in Figure 3.16, the ranging precision of UWB remained around 20cm while ranging through empty
racking. The accuracy of the measurements deteriorated quicker than the open aisle measurements, but it
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was still under the 2m target. The maximum ranging distance was around 40m, but after 27m the radio
was transmitting through a metal grate that was part of the racking structure. After another metal grate at
43m the received packets were too corrupted to be decoded. This leads to the conclusion that UWB ranging
is not significantly affected by the presence of racking which is not in the line of sight path.
Figure 3.16: UWB Channel 4 Ranging Error Through Empty Racking
The NLoS ranging tests were conducted using both channel 4 and 7. Channel 4 is lower in frequency but
is only viable for localisation in the United States due to spectrum licensing restrictions. Figure 3.17 shows
that the channel 4 has a longer effective range in NLoS ranging, but channel 7 is as accurate as channel
4. The increased range afforded by channel 4 comes at reduced accuracy, especially in the metal product
racking, where ranging is 2m greater than the ground truth.
Figure 3.17: UWB Racking Interaction Performance
3.7.2 Atmel RIPS
The Atmel ranging system was significantly affected by the racking only ranging in clear line of sight through
four racks (around 25m). The final two measurements (at 20m and 25m distance) had very few successful
range measurements, with most signals being corrupted. Figure 3.18 shows the accuracy and precision of the
measurements are in the same order of those observed in the open aisle test in Section 3.6, far too inaccurate
for a 2m localisation system.
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Figure 3.18: RIPS Racking Interaction Performance
3.8 VHF Racking Interaction Tests
The VHF racking interaction tests were conducted to measure how racking containing different classes of
product change the RSSI. The first set of racking had almost no product on the bottom levels, the second
rack contained mostly plastic and paper products, with some electronics at the end of the aisle, and the
third aisle contained beer kegs and other bottles and cans. The transmitter was positioned near the wall
pointed down the centre of the racking with the antenna oriented horizontally. Measurements were taken at
every rack leg down each side of the rack.
The RSSI measured from each side of the rack shows in Figure 3.19 that the can/liquid filled racking affects
the RSSI reading more than the empty or plastic product racking. The plastic product and empty racking
show similar, but not identical, characteristics.
3.9 Discussion
In the tests conducted, UWB technology has proved to be an accurate ranging sensor for the warehouse
environment. The accuracy and precision of the ranging is not negatively affected by racking and prod-
uct. Obstacles decrease the maximum effective range of the system, so the radios must be strategically
placed (discussed more in Section 3.10) to effectively cover the warehouse space. Antenna placement on the
pedestrian is also a concern, as the antenna must not be blocked by the tracked pedestrian.
VHF RSSI is still affected by product in the racking, which does not solve the major issue of WLAN
map matching in the warehouse. The VHF signals are blocked by the metal product, which would cause
unpredictable changes to the RSSI map in a normally functioning warehouse. The range of the VHF radios
is on par or worse than the UWB radios, and would require similar infrastructure commitment to cover the
warehouse.
Atmel’s phase analysis ranging is highly inaccurate with multipath interference found in the warehouse
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(a) Left Aisle
(b) Right Aisle
Figure 3.19: VHF Racking Intersection Average RSSI
environment. Even with the best case scenario with line of site down an aisle, the measured accuracy and
precision would not lead to a system with 2m accuracy. The technology had abysmal range when passing
through racking making it hard to judge if the ranging was affected by product in the racking. Therefore,
UWB was selected as the RF technology used in the rest of this investigation.
3.10 Effective UWB Signal Coverage Tests
Once UWB was chosen as the technology to be used in the prototype, the next question is the number and
placement of radios required to cover the warehouse. Due to building safety restrictions, the radios could not
be easily mounted on the ceiling or within the racking. This meant the radios must be positioned outside
the racking. The coverage tests were conducted to determine if the UWB radios could cover multiple aisles.
The tests were conducted within two racking structures inside the Foodstuff’s Hornby DC, the old warehouse
with a set of racking 66m long, and in the new warehouse with two split racks forming a 90m long aisle.
3.10.1 In Line With Racking Placement
The in-line placement positions the radio to cover two aisles, while having line of sight down no aisle. The
first test was conducted in the old warehouse, where the radio is placed as close to the wall but between
two aisles. Measurements were taken down both aisles, and signal strengths for both Channel 4 and 7 are
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recorded in Figure 3.20. Only one measurement was taken at the centre of each aisle, and so the generated
figures show an expanded x axis. The blue point represents the position of the radio and the grey boxes plot
the position of the racking. Both channels show similar signal strengths, with Channel 4 having a slightly
higher signal strength at the far end of the aisle.
(a) Channel 4 (b) Channel 7
Figure 3.20: UWB Signal Strength with In Line Radio Placement in the Old Warehouse
3.10.2 Single Aisle Coverage
The single aisle coverage test was conducted in the new section of the warehouse, placing a radio in the
centre line of the aisle. The signal for channel 7, shown in Figure 3.21, is detected down the centre aisle. In
the adjacent aisles, the signal is detected up to around 30m down each aisle.
3.11 UWB Outliers
In most of the measurements conducted in the warehouse on channel 7, some ranging measured a lower time
of flight than possible given the distance separating the radios. Figure 3.22 was compiled to show the best
example of the outliers (the grey boxes were added to show where the racking is in relation to the distance
axis). The data was gathered as the clear line of sight portion of Figure 3.21, but it was also observed in
Figure 3.13b. The racking surrounding this aisle primarily held canned goods in the first set of racking,
and wine bottles in the second set. The outlier frequency increased when entering the second set of racking,
which points to a possible environmental cause.
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Figure 3.21: Channel 7 Single Aisle Signal Coverage in the New Warehouse
Figure 3.22: UWB Measurements Observed in a Single Aisle of the New Warehouse
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The testing conducted in this thesis did not determine the cause of the outlying measurements, why channel
7 measurements are more susceptible to the error, or how the measurements are recording distances closer
than ground truth. The pattern of 10 metre groupings in the second set of racking also remains unexplained.
Any error attributed to multipath should have a longer time of flight. The channel is also clear from other
UWB signals; in this ranging scheme the UWB frames are sent at 150ms intervals and no other UWB radios
were on at the same time. While the outliers waste channel resources, they should be easy to filter out within
the localisation system. The measurements are far outside the normal error bounds of UWB ranging.
3.12 Conclusion
The measurements clearly show that out of the three technologies tested, UWB based ranging will be the most
accurate and reliable method for measuring distance. The UWB signal strength survey shows a single radio
can cover the entire length of the longest aisle in the Foodstuff’s Hornby DC. The next step to developing
the real-time localisation system is to create a model of the warehouse using the data already gathered.
Chapter 4
System Simulation
The sensor fusion algorithms presented in Section 5.1 and Section 5.2 require a set of models to transform
the information observed by the sensors into location data. Algorithm development necessitates a simulation
to analyse multiple implementations of the algorithms on an even playing field. In Section 4.1, the models
derived from the measurements conducted in Chapter 3 are presented. Section 4.2 and Section 4.3 describe
the models used to simulate inertial motion and the racking structure. Section 4.4 describes the performance
metrics used to compare the effectiveness of the localisation algorithms under test. Concluding the chapter
is a demonstration of the simulated environment by showing the performance while dead-reckoning.
4.1 Radio Model
4.1.1 Radio Communication Distance
The effective range of the UWB communication was modeled using Equation 4.1






∗ dnLoS , 0) (4.1)
where dLoS and dnLoS are the distance the signal travels through open air and racking respectively. The
equation results in a floating point value between 1 (full strength), and 0 (no signal). The LoS constant
was derived from the DecaWave’s reported maximum signal range, and the nLoS constant was derived from
the signal strength measurements recorded in Figure 3.17. The simulated map shown in Figure 4.1 shows
coverage range of 30-35m down adjacent aisle. This is only 5-10m off of the signal strength observed in
Figure 3.21.
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Figure 4.1: Simulated UWB Propagation Distance
4.1.2 Radio Ranging Error Model
The UWB observed ranging measurements have both a constant bias and random error component. The
constant bias is set to zero in the model because it can be compensated via calibration of the antenna
delay[66]. The random error component of the ranging is modeled using a Gaussian distribution with a
standard deviation twice the magnitude observed in the warehouse observations (to account for unforeseen
environmental factors).
4.2 Inertial Motion Model
Inertial motion provides the other information for the sensor fusion. The prototype was designed to use an
accelerometer to count steps and a gyroscope to track orientation.
4.2.1 Step Counting Error
The step counting algorithm has not been implemented, and the error characteristics were not well un-
derstood at the time of creating the simulation. The simulation adds uniformly distributed error to the
simulated velocity measurement at each step using an error estimated from literature on tracking pedestri-
ans via inertial motion alone[70].
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4.2.2 Orientation Tracking Error
The gyroscope’s noise can be modelled as two components, a white noise and an unstable bias[71]. The
white noise is simple to simulate as a Gaussian error introduced at each simulation step. The standard
deviation is obtained from the target gyroscope’s (MPU-6000) data sheet under the value of Rate Noise
Spectral Density[72]. The unstable bias is modelled as random walk based on the bias stability. The MPU-
6000 data sheet does not quote the bias stability. The closest available datasheet is a temperature controlled
gyroscope ADIS16334, which quotes a 25 degree per hour stability[73]. Temperature controlled gyroscopes
have a lower bias stability than non temperature controlled gyroscopes, so the simulation uses an order of
magnitude more unstable gyroscope at 100 degrees per hour.
4.3 Warehouse Model
The warehouse model is constructed to replicate the old warehouse section of the Foodstuff’s Hornby DC,
the target testing site for the real-time prototype. The racking positions were obtained from site schematics
provided by Foodstuff’s. Figure 4.2 shows the graphical representation of the warehouse displayed by the
simulation. The grey boxes represent racking, with the grey outline showing the outer walls of the warehouse.
The green points represent UWB radios positioned 3 metres off the warehouse floor.
Radios are positioned at the end each of the 19 aisles as in the UWB signal strength survey conducted in
Section 3.10.2. The radios are positioned on alternating sides of the aisle to provide a more uniform coverage
outside the racking. Figure 4.3 shows the anticipated coverage of the warehouse with the given configuration
of radio placement using Equation 4.1. The tracked target is in range to 3 radios at the edges of the aisles
and outside the racking, and in sight of at least a single radio at all times while in the racking.
4.4 Performance Metrics
There are two performance metrics used to rate the algorithms. The metrics are based on the position error
of the localisation algorithm, calculated in Equation 4.2 as the Euclidean distance between the estimated
position and the ground truth position
ǫ(P gt, P alg) =
√
(xgt − xalg)2 + (ygt − yalg)2 (4.2)
where P gt and P alg are (x, y) tuples giving the reported position of ground truth and localisation algorithm
respectively. In simulation the ground truth position is trivially known.
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Figure 4.2: Infrastructure Positions in the Simulated Warehouse
Figure 4.3: Simulated UWB Radio Coverage
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4.4.1 Accuracy
Accuracy is a measure of how well the localisation algorithm tracks to the actual position of the pedestrian.
Accuracy is the arithmetic mean of the localisation error, calculated in Equation 4.2, for all simulation steps.
This is calculated by Equation 4.3









ǫ(P gti , P
alg
i ) (4.3)
where n is the number of steps performed by the simulation, P gt1:n and P
alg
1:n are arrays of n (x, y) tuples
giving the reported position of ground truth and localisation algorithm respectively.
4.4.2 Precision
Precision is the measure of how consistent the localisation algorithm is when tracking the pedestrian. This
is calculated by the root-mean-square deviation of the error as calculated in Equation 4.4.
σ(n, P gt1:n, P
alg















This thesis commonly expresses the precision by giving the error at 95% confidence, which is calculated in
Equation 4.5 by assuming Gaussian distributed errors.
2σ(n, P gt1:n, P
alg





4.5 Dead Reckoning Example
The dead reckoning algorithm was implemented to test the simulation environment. The example also gives
a benchmark to compare against the other localisation algorithms.
4.5.1 Simulation Model
The algorithm uses the simulated inertial motion sensors to recursively calculate the position via Equation 4.6
θk = θk−1 +∆θk (4.6a)
xk = xk−1 + vk ∗∆tk ∗ cos(θk) (4.6b)
yk = yk−1 + vk ∗∆tk ∗ sin(θk) (4.6c)
where ∆θk is the change in angle observed during the simulation step k via the gyroscope, vk is the velocity
measured via the simulated accelerometer based pedometry, and ∆tk is the time elapsed in the simulation
step. θk−1, xk−1, and yk−1 are the orientation and position information from the previous step.
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4.5.2 Performance
Without references from the radio ranging, the dead reckoning’s recursive algorithm cannot correct the error
introduced in the gyroscope and pedometry information. This is observed in an example of the simulation,
shown in Figure 4.4. The dead reckoning path is shown as the blue plot, while the ground truth path plotted
in pink. The dead reckoning path illiterates how small errors in orientation will accumulate to have a major
impact on the localisation accuracy.
Figure 4.4: Simulated Inertial Motion based Dead Reckoning
Chapter 5
Sensor Fusion Algorithms
The next step in designing the prototype localisation system was to design a sensor fusion algorithm that
correctly estimated the pedestrian’s current position from radio ranging and inertial motion measurements.
Two such algorithms were implemented; a particle filter described in Section 5.1 and an Unscented Kalman
Filter described in Section 5.2. Each filter was tested in the simulation described in the previous chapter to
select a single implementation for the localisation prototype.
Both algorithms are recursive filters that track the pedestrian in 2 spatial dimensions as well as the pedes-
trian’s orientation and current velocity. As the typical warehouse does not include multiple levels, the
pedestrian’s height above the warehouse floor was not tracked. Collectively these tracked parameters are
referred to as the pedestrian’s state. The filters update the estimated position once a second, herein referred
to as a simulation step, each time a new set of radio ranging information is gathered. The goal of each
algorithm is to efficiently determine an accurate estimate of the pedestrian’s true position from the noisy
measurements.
5.1 Particle Filter
The particle filter was developed in 1993 as a solution to the nonlinear Bayesian filtering problem[74][75].
The filter uses many weighted sample points to represent any posterior distribution, and the sample points
can be propagated through any non-linear, non-Gaussian model. This gives the particle filter a great degree
of flexibility to accurately model systems that are hard to model with the Kalman Filter (discussed more in
Section 5.2). The particle filter inherently models multimodal systems, as each particle represents a predicted
state of the overall system.
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5.1.1 Theory of Operation
The Sequential Importance Sampling (SIS) particle filter operates using Ns weighted sample points in state
space (herein referred to as particles) {xik, wik}Nsi=1 where {xik, i = 1, . . . Ns} are the set of particles at the














During real-time operation, the algorithm accomplishes the {xik−1}Nsi=0 → {xik}Nsi=0 transformation via Equa-
tion 5.2
{xik}Nsi=0 = fk(xik−1, zk)}Nsi=0 (5.2)
where the function fk() is a model that predicts the state xk based on its previous state xk−1 and observations
zk. The weight of the new particles is calculated via Equation 5.3
{wik}Nsi=0 ∝ {wik−1p(zk|xik)}Nsi=0 (5.3)
where p(zk|xik) is the posterior probability of the particles with reference to the current observations zk.
With the particle’s state and weight calculated for time k, xk can be computed using Equation 5.1.
An inevitable issue in the SIS particle filter is a phenomenon called the degeneracy problem[76]. This occurs
after multiple recursive calls of the filter, all the weight will trend towards one particle with the rest having









This metric can be used to trigger a resampling of the particles. The resampling algorithms remove particles
with negligible weights, and redistribute them around the particles with large weights. The weights of all
the particles are then normalised to 1/Ns.
5.1.2 Implementation
The implementation of the SIS particle filter was written in python using the concepts described in Sec-
tion 5.1.1. The particles are initially seeded randomly around a Gaussian estimation of the starting position
with equal weighting. During each measurement step, the particles’ new predicted positions are updated
using inertial motion dead reckoning as shown in Equation 4.6.
The posterior of the new particles are calculated from the available radio measurements gathered during
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where zip is the predicted ranging measurement of the particle x
i
x. The posterior from all radio measurements
were summed together, and then Equation 5.3 is used to calculate the particle’s new weight. Finally, all the
particles’ weights are normalised such that the sum of all the weights are equal to 1.0.
5.1.2.1 Resampling Algorithm
Resampling is triggered when the number of effective particles, calculated via Equation 5.4, drops below Ns
2
.
Each particle is split into Ncopies particles based on Equation 5.6 where wik is the weight of the individual
particle.
Ncopies = ⌊wik ∗Ns⌋ (5.6)
Any particle with an Ncopies value of 0, will be removed from the filter. When Ncopies is greater than 1,
any additional duplicates have uniform noise added to the orientation. This made duplicates of the parent
follow different paths than the parent particle, and models the unstable bias of the gyroscope discussed in
Section 4.2.2. All particles are assigned a weight of 1
Ns
.
In practice, more particles are deleted than copied with this resampling algorithm. To keep the particle
population count constant, any additional particles required are randomly placed around the new average
localised position, as calculated in Equation 5.1.
5.1.2.2 Racking Intersection Algorithm
Racking intersection information is easily reflected in the particle filter algorithm. Any particle that is
within a rack has its weight set to 0. This leads to Neff declining more quickly and triggers the resampling
algorithm described in Section 5.1.2.1, removing the intersecting particles from the filter.
5.1.3 Simulation Performance
The particle filter’s tracked the pedestrian with far better accuracy and precision than the dead-reckoning
algorithm. Figure 5.1 shows the path of a typical simulation run, with the blue points showing the entire
localisation path. The red points show individual particles at a second within the simulation, while the
purple point shows the pedestrian’s true position at that time.
The particle filter tracks exceptionally well within the racking, owing to the racking intersection algorithms.
The filter’s accuracy decreases as the particles spread out without the constraints of the racking. Figure 5.2
shows the accuracy for 10 simulated runs of the particle filter, a 95% accuracy of about 5.06 metres.
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Figure 5.1: Simulated Particle Filter Pedestrian Tracking
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Figure 5.2: Simulated Particle Filter Performance Over 10 Runs
5.1.4 Limitations In The Weighting Algorithm
The leading cause of localisation error in the particle filter was the particle weighting algorithm, described
in Equation 5.5, which did not accurately model the radio ranging accuracy. Figure 5.3 is used to illustrate
the problem. The filter’s prediction on this update is shown as a purple point, almost 2 metres away from
the actual position (the pink point). Particles in region A and B have nearly identical weight (shown as
the transparency of the red particles), even though region A has 3 radio ranges within close proximity to
the particles (shown as the pink arcs). The problem was not fully analyzed due to the performance of the
Unscented Kalman Filter; which proved in Section 5.2 to be simpler to implement, faster, and more accurate.
5.2 Unscented Kalman Filter (UKF)
The Unscented Kalman Filter (UKF) is an extension of the Kalman Filter (KF) for application in nonlinear
systems. The KF is a recursive filter developed in 1960 by R. E. Kalman[77]. As a recursive filter it has
the major computational benefit of not requiring data from previous iterations. However; the filter tracks
all states as Gaussian random variables and the variables must be propagated through linear functions[78].
Assuming linearity is not realistic in most real world situations, extensive effort has been applied to use the
KF algorithms in nonlinear systems.





Figure 5.3: Particle Filter Weighting Algorithm Example
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The de facto nonlinear adaptation is the Extended Kalman Filter (EKF), developed soon after the KF.
The EKF linearises the nonlinear system about the mean using Jacobian matrices. The EKF’s linearisation
introduces error into the filtering; causing instability in particularly nonlinear systems, and computing
Jacobian matrices can be difficult for certain applications. The UKF, developed by Simon J. Julier and
Jeffery K. Uhlmann[13] in 1997, allows true nonlinear propagation functions without the requirement of
calculating Jacobian matrices. This method has the further benefit of more accurately approximating the
nonlinearity of the system[14].
5.2.1 Kalman Filter Theory of Operation
The Kalman filter is a recursive estimator that is typically split into a prediction and update phase. The
filter tracks the current state xk as a Gaussian random variable with a covariance of Pk.
The prediction phase uses Equation 5.7 and Equation 5.8 to predict the next state and covariance where Fk
is a n by n matrix that predicts xk based on the previous state xk−1.




The Bkuk and Qk terms are used to apply control or unknown inputs to the prediction phase.
In the update phase, a set of m observations (called zk with corresponding covariance of Rk) are combined
with the prediction to reach the estimated state. The first part of the update phase is calculating the
‘innovation’ state and covariance, noted in Equation 5.9 and Equation 5.10 as yk and Sk respectively.




The innovation state and covariance describe how different the actual observations at time k are from their
predicted values. The m by n matrix Hk is used to translate the predicted state and covariance into the






The Kalman gain is the optimal minimum mean-squared error linear estimation of xk assuming the models
Fk and Hk are accurate. The Kalman gain is then used to calculate the current state and covariance in
Equation 5.12 and Equation 5.13.
xk = xk|k−1 +Kkyk (5.12)
Pk = (I −KkHk)Pk|k−1 (5.13)
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5.2.2 Unscented Transform (UT) Theory of Operation
The Unscented Transform is a method for transforming Gaussian random variables through nonlinear func-
tions by means of approximating the Gaussian distribution[13]. The Gaussian random variable x with a
mean of x̄ and covariance of Px is transformed into a set of weighted points {xi, wi}2n+1i=0 , herein referred to
as sigma points. The minimum number of sigma points is 2n+ 1 where n is the dimension of the Gaussian
random variable x.
The sigma points’ values are calculated in Equation 5.14
xi = x̄ i = 0 (5.14a)
xi = x̄+ (
√
(n+ λ)Px)i i = 1, . . . , n (5.14b)
xi = x̄− (
√
(n+ λ)Px)i−n i = n+ 1, . . . , 2n (5.14c)
and the weight wi is the tuple {wimean, wicov} with values for mean and covariance, calculated in Equa-
tion 5.15.
wimean = λ/(n+ λ) i = 0 (5.15a)






i = 1, . . . , 2n (5.15c)
The λ term is a scaling parameter calculated in Equation 5.16
λ = α2(n+ κ)− n (5.16)
where α determines the spread of the sigma points about x̄, κ is usually set to 0, and β incorporates
knowledge of the distribution of x (where β = 2 is optimal for Gaussian distributions).
The sigma points’ values can then be propagated through any nonlinear function, called G() in Equation 5.17,
resulting in new set of sigma point values {yi}.
{yi} = {G(xi)}2ni=0 (5.17)
Then the new Gaussian random variable’s mean is calculated by the weighted average of the transformed












wicov{yi − ȳ}{yi − ȳ}T (5.19)
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5.2.3 Unscented Kalman Filter (UKF) Theory of Operation
The UKF simply applies the UT in the KF equations to replace the Fk and Hk matrices with nonlinear
functions fk() and hk(). The prediction phase is completely replaced with the unscented transform, shown
in Equation 5.20
xk|k−1, Pk|k−1 = UT (xk−1, Pk−1, fk) (5.20)
where the function UT () is the complete unscented transform described in Equations 5.14-5.19. The fk()
function, like the Fk matrix it replaces, describes the predicted state of each particle at time k, given the
sigma particle at k− 1. Control inputs Bkuk and Qk of Equation 5.7 and Equation 5.8 are also used by fk()
but are left out for the sake of brevity.
The update phase of the KF is also revised to make use of the UT’s nonlinear support for the observations.
The innovation mean and covariance step is replaced by another application of the UT in Equation 5.21.
yk, Pz = UT (xk|k−1, Pk|k−1, hk) (5.21)
The prediction mean and covariance is propagated through the observation function hk(), which translates
the sigma point into the observation space. When Equation 5.20 has been used to predict xk|k−1 and Pk|k−1,
the sigma points generated by the prediction can be directly used in this step.
After collocating the covariance Pz, the cross-covariance matrix Pxz is calculated using the sigma points





wicov{xi − xk|k−1}{yi − zk}T (5.22)





After the Kalman gain is calculated, the term is applied to the predicted mean and covariance, shown in
Equation 5.24 and Equation 5.25, to reach the filtered estimate.
xk = xk|k−1 +K(zk − yk) (5.24)
Pk = Pk|k−1 −KPzKT (5.25)
5.2.4 Implementation
The UKF implemented for tracking the pedestrian uses four states; the position in the x and y axis, velocity,
and orientation. A majority of the UKF equations were implemented using the python pykalman library[15].
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5.2.4.1 Transition Model
The transition model, fk() in Equation 5.20, is implemented as a constant velocity dead reckoning model.
The basic equations for constant velocity dead reckoning are described in Equation 4.6. The velocity is
assumed constant from the previous state, and the ∆θk is provided as a control input observed by the
gyroscope.
5.2.4.2 Observation Models
The UKF uses two different observation models for hk() depending on the number of radio observations.
The first model, shown in Equation 5.26, predicts the raging measurement using the distance formula to the




(Rix − P kx )2 + (Riy − P ky )2 + (Riz − Pz)2 (5.26)
The {P kx , P ky } terms are from the sigma point’s predicted position information and the Pz is a constant value
denoting the pedestrian’s height. This calculation is the only observation used when there are two or more
radio observations.
When there is one or no radio observations, more information is needed to make a stable observation update.
Equation 5.26 is used on any radio observations, and is supplemented by observing the velocity using the
model in Equation 5.27
ovelocity =
√
(P kx − P k−1x )2 + (P ky − P k−1y )2
∆t
(5.27)
where the filter’s last estimated position, {P k−1x , P k−1y }, is used along with the step’s elapsed time (∆t) to
approximate the velocity of the sigma point. This is compared with the observed velocity from the pedometry
sensor.
5.2.4.3 Racking Intersection Models
The racking intersection models operate over the transition and observation models described in Sec-
tion 5.2.4.1 and Section 5.2.4.2 respectively. These models only affect the normal operation when sigma
points leave the bounds of the warehouse, or are found to be within a rack. As currently implemented the
models only support simple rectangular rack shapes, arranged either horizontally or vertically.
A visual representation of these models is presented in Figure 5.4. The sigma points are represented as
various colours of points with a red line indicating their orientation and velocity. The 2 dimensional position
covariance is displayed as a light blue ellipse and the racking is represented as a grey box. Figure 5.4d shows
the mean of the estimated position as purple point, and the radio ranges are projected into the graph as
pink arcs.
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(a) Sigma Points From Covariance (b) Dead Reckoning Transition Model
(c) Racking Intersection Transition Model (d) Observation and Resulting Mean And Covariance
Figure 5.4: UKF Transition and Update
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5.2.4.4 Racking Intersection Transition Model
The racking intersection transition model’s changes the x and y position of any sigma point that is within
a rack or outside the warehouse bounds to the nearest valid edge, shown in Figure 5.4c. The current
implementation selects four candidate points relating to the four edges of the bounding box of the rack. The
distance to each candidate point is calculated, and the candidate with the smallest distance is used as the
new sigma point’s x and y position.
5.2.4.5 Racking Intersection Observation Model
The observational model for racking intersection relies on a mock sensor observation (herein referred to a
virtual observation) of how far the sigma point is from the ’correct’ aisle. The aisles can be mapped out
similar to the racking, or in the case of the implemented algorithm, inferred from the racking structure. The
‘correct’ aisle is determined as the first aisle a pedestrian enters. This is based on the presumption that the
localisation is most accurate when entering and exiting the aisle. Radio coverage estimations presented in
Figure 4.3 show the areas most covered by radios is the area outside the racking.
The first racking intersection observation model (used in the performance analysis in Section 5.2.5) used a
much simpler racking intersection virtual sensor. When the sigma particles are found inside the racking, the
sensor read a value of 1.0 instead of 0.0. This proved to not be effective in the real-time prototype testing, as
the sigma particles would ’jump’ the aisle and be stuck in adjacent aisles during periods of no radio contact.
5.2.5 Simulation Performance
The UKF performed well under simulation, shown in Figure 5.5 and Figure 5.6. The location error was 1.63
metres at 95% confidence. The UKF had a shorter execution time than the particle filter, and was easier to
implement using pykalman libraries.
5.3 Conclusion
The UKF showed a clear performance and implementation advantage to the particle filter. On accuracy,
filter stability, and execution efficiency the implemented UKF algorithm outperformed the particle filter. As
such, this algorithm was used for the remainder of the thesis project.
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Figure 5.5: Simulated Unscented Kalman Filter Pedestrian Tracking




The previous chapter described the UKF algorithm designed in a simulated environment. The next step
is to build the hardware and design the software to implement the Real-Time Localisation System (RTLS)
prototype. Section 6.1 gives an overview of the construction of the RTLS prototype and its constituent
hardware. The software developed for the prototype is summarised in Section 6.3, with more detail on
the pedometry tracking in Section 6.4. The chapter concludes with an analysis of how well the prototype
hardware achieves the original goals of the project in Section 6.5.
6.1 Pedestrian Hardware
The pedestrian carries the bulk of the custom build hardware for the real-time localisation prototype, shown
in Figure 6.1. The electronics were mounted on a high visibility vest, as it is required safety protocol on the
warehouse floor. The main bulk of the electronics are mounted on a back-plate (Figure 6.2) with the UWB
radio mounted on a separate plate on the left shoulder (Figure 6.3).
6.1.1 Embedded System
The embedded processor used in the real-time prototype was the STM32F4 Discovery Board[79]. The board
uses a STM32F407 ARM Cortex-M4 with a floating point unit, 192 KB of RAM, and 1MB of Flash[80].
The STMicroelectronics chipset was selected primarily to reuse the sample code supplied by DecaWave
for the STM32F105 processor on-board the EVB1000[81] used in the testing described in Chapter 3. The
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Figure 6.1: Real-Time Localisation System Prototype
Figure 6.2: Real-Time Localisation System Back-plate
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Figure 6.3: Real-Time Localisation System UWB Radio
STM32F407 processor was selected due to the large amount of RAM and Flash, as the goal was to im-
plementing a UKF on the embedded hardware. The discovery board made development easier, with an
on-board programmer and a large number of pins routed to standard headers.
6.1.2 Inertial Motion Unit (IMU)
A MPU-9150[82] on a break-out board was used to measure pedometry and pedestrian orientation. The
InvenSense line of IMU’s were selected for their Digital Motion Processor, discussed in greater detail in
Section 6.4.1. The MPU-9150 was used because the Wireless Research Centre at the University of Canterbury
already had the breakout board, and the newer MPU-9250 has no additional features that the application
required[83]. The board is mounted on the back-plate of the vest, near the centre of the pedestrian’s back,
and close to the embedded controller so the I2C communication lines are as short as possible.
6.1.3 Ultra-Wide Band Radio
The UWB radio section uses the same EVB1000 boards used in Chapter 3. The on-board processor is
not used; instead the DW1000’s SPI bus is connected to the STM32F4 Discovery Board through the J6
SPI header[67] on the EVB1000. The EVB1000 is also powered using the discovery board’s 5V rail. An
additional wire was soldered to the DW1000’s reset pin, not available through the J6 header.
The EVB1000 is mounted on a separate foam plate on the pedestrian’s left shoulder, as shown in Figure 6.1.
The radio was mounted on the shoulder to avoid the pedestrian’s body blocking the signal (discovered in
Section 3.5). The ribbon cable carrying the SPI bus runs down the back to the embedded microcontroller.
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6.1.4 Surveying Wheel
The surveying wheel, shown in Figure 6.4, was added to provide real-time ground-truth data for the perfor-
mance analysis in Chapter 7. The wheel was modified to contain a hall effect sensor to electronically detect
the 6 spokes on the 1m circumference wheel, which was read and timestamped by the embedded system
on the pedestrian mounted hardware. Assuming the surveying wheel followed the pedestrian’s path exactly
with no wheel slip, the device should have a maximum error of 0.33 metres due to the unmeasured distance
between spokes.
Figure 6.4: Survey Wheel With Hall Effect Sensor
6.2 Infrastructure Hardware
The UWB radios used in the infrastructure (herein referred to as the anchor radios) use the EVB1000
hardware and on-board microcontroller. The radio is powered by a 8000mAh lithium ion battery for long
life and easy placement while testing in the warehouse. The radios were mounted to the walls upside down,
as shown in Figure 6.5 so the PCB did not block the signal directly under the radio.
6.3 Software Architecture
The software used in the real-time prototype is segmented into three main domains. The PC system has the
localisation software UKF using data collected and timestamped by the pedestrian embedded software. The
pedestrian embedded software handles gathering data from the IMU, UWB radio, and the wheel counter;
timestamping all the measurements with a common clock. The anchor radios run a simple software stack
re-purposed from the DecaRanging application.
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Figure 6.5: Anchor Radio and Battery
6.3.1 PC System Architecture
The PC localisation system runs a python application in real-time on a laptop connected to the embedded
hardware. The software was developed as a modification of the offline simulation code first presented in
Chapter 4. The application drives the entire system and contains the UKF localisation algorithms and the
mapped anchor and racking positions. The PC communicates to the embedded system via a virtual serial
port driven by a Sparkfun FTDI[84] breakout board.
Once a second, the PC software sends a packet to the embedded software with three anchor addresses to
attempt ranging. The radios that are selected are the closest three radios (to the currently localised position)
that should be within radio communication range (as calculated from the radio attenuation model developed
in Section 4.1.1). The PC application then waits for the embedded system to return all the IMU observations
gathered up to that point, and the radio ranges. Once the observations are gathered, the observations are
used in the UKF algorithm described in Section 5.2.4 to continue the location tracking.
The initial design called to implement the UKF and other subsystems on the embedded system, eliminating
the PC based application. This was not implemented due to time constraints, and for ease of development.
The embedded system was chosen for power performance, and was not capable of running the python code
natively. The python based UKF provided a better platform to modify the algorithm, and provided a
convenient way to record and replay observations from trials. The PC implementation also eliminated the
development time required to reimplement all the features already developed in the simulation.
6.3.2 Pedestrian Embedded System Architecture
The pedestrian embedded system gathers the timestamped observations required by the UKF localisation
algorithm. The embedded system continually waits for a list of anchor addresses to be sent from the PC via
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the UART while it records IMU observations as described in Section 6.4. Once the addresses are received,
the embedded system begins ranging to each radio in turn recording the range and timestamp of each
measurement. After all measurements are taken; the radio, pedometry, and orientation observations are sent
to the PC software via the UART.
6.3.3 Anchor Software
The anchor radios software uses a modified version of the DecaRanging example software by DecaWave.
Each anchor is assigned a static address through hardware switches on the front of the board. During
operation, the anchor waits for a poll message from the pedestrian’s tag. Once the poll message is received,
the anchor and tag conduct the double sided two way ranging (discussed in Section 2.1.1.3) as implemented
in the DecaRanging software[85].
6.4 Pedometry and Inertial Motion
The pedometry and orientation tracking are implemented using two different algorithms due to the limitations
of the Digital Motion Processor included in the MPU-9150. The main purpose of the subsystem is to detect
footfalls using the accelerometer, and extrapolate the pedestrian’s forward velocity from the observations.
6.4.1 Invensense Digital Motion Processor (DMP)
The DMP is a proprietary Invensense feature which offloads motion processing algorithms to the IMU
itself[82]. The DMP samples the sensors in the MPU-9150 at the maximum speed of 200Hz, freeing up the
general purpose CPU for other tasks. The Invensense provided Embedded Motion Driver (EMD) is the only
available algorithm suite that can be run on the DMP due to the proprietary and undocumented hardware.
The EMD was mainly used for the 6 axis orientation fusion feature. The EMD takes the raw gyro and
accelerometer measurements at 200Hz, and fuses them to a quaternion (a 4 dimensional number that en-
capsulates the roll, pitch and yaw of the sensor). Not only does this fusion give a more reliable orientation
measurement than manual integration, but the EMD normalises the quaternion to the gravity vector (using
the accelerometer data). This quaternion is then read by the embedded processor at a far lower speed, and
sent to the PC application.
The EMD also has a step counting feature, but it had some flaws that made it difficult to use for real-time
pedometry tracking. The EMD’s step counting algorithm has a 7 step latency before updating the step count
for calibration and false-detection minimization[86]. After an undocumented amount of time where a step
is not detected (about 1.5 seconds in practice), the EMD resets the calibration. As a single step can lead to
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almost a metre of traveled distance, missing 7 steps for multiple UKF updates led to an unstable filter. The
manual detection algorithm described below was used to fill in the data for these first seven steps before the
EMD based step counting began to publish data.
6.4.2 Manual Step Detection
The manual step detection algorithm was designed to stand in place of the EMD for the 7 step calibration
period. The algorithm reads in the accelerometer data at 50Hz, and uses a system of circular buffers to
detect the axis most affected by gravity. Figure 6.6 is an example of the single axis acceleration data once
the gravity vector is removed. The step detection algorithm then records the time of the 2 zero-crossing
points (the rising edge and falling edge) shown as trising and tfalling in Figure 6.7. The maximum and
minimum accelerometer values are also tracked (shown as amax and amin). Once tfalling is recorded, the
step is recorded if the vmax and vmin values are over their respective thresholds and the time between trising
and tfalling is longer than a minimum threshold of 0.2 seconds.
Figure 6.6: Gravity Compensated Accelerometer Measurements of Ten Steps
The performance and reliability of the manual step detection is not presented in this paper, as it was not
rigorously measured. The algorithm did increase localisation performance once implemented. The current
implementation’s thresholds were calibrated specifically for a single pedestrian, but the thresholds can be
adjusted online by matching the steps detected by the EMD pedometer. Any error the step detection
introduced was a rapid change of velocity, which was counteracted by the UKF’s constant velocity model.
6.5 Real-Time Localisation System Prototype Goals
The target of the masters thesis, as presented in Section 1.2 is a system that localises to 2.0 metres accuracy
on an embedded platform with a 50 USD materials cost. Chapter 7 will analyze the accuracy of the prototype,
while the section below details how the prototype meets the production targets.








Figure 6.7: Manual Step Detection Parameters Annotated on Gravity Compensated Accelerometer Mea-
surements
6.5.1 Localisation Algorithm Suitability for Embedded Environment
6.5.1.1 RAM and Flash Space
The current software for the embedded system takes around 87KB RAM1, which is a little less than half
the available 192KB of RAM on the processor. The embedded code was not optimised for memory, and as
such its reasonable to assume the embedded system would have enough memory to run the UKF along with
the other algorithms. The map information for the PC application was stored in an XML file which is only
8KB for the 10,000m2 warehouse section. Storing the map in a binary format would significantly decrease
the size. If more memory must be freed up, only a small portion of the map can be loaded from flash at any
given time.
6.5.1.2 Execution Time
The major limitation of execution time in the embedded system is going to be the UKF algorithm. The
RTLS prototype updates the UKF once a second, so the UKF update algorithm must be executed in less
time than that. The UKF algorithm is currently implemented in python on the PC, so it can not be directly
run on the embedded system to measure an accurate execution time. The execution time of the UKF update
1Just code and static variables, does not include stack and heap allocations at run-time
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function on the Intel i7-2600 3.4 GHz AMD64 CPU is shown in Figure 6.8. The mean execution time on the
PC is 33.3ms, with the longest execution time at 57ms.

















Figure 6.8: Execution Time of UKF Update Algorithm on PC
A rough approximation of the execution time on the embedded system can be obtained by scaling the




33.3ms ∗ 20.24 = 674ms (6.1b)
67.0ms ∗ 20.24 = 1153ms (6.1c)
This approximation gives a average execution time of 674ms with the longest update running in under
1.15s. This shows the algorithm is in the ballpark of running once a second, without too much optimisation
required. No time was taken to optimise the python code, so it is reasonable to assume the UKF update can
be executed in under a second when re-implemented and optimised on the embedded device.
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6.5.2 Anticipated Power Requirements
6.5.2.1 Anchor Radio Power
The anchor radios are intended to be installed in fixed locations, powered by mains, and on at all times.
The Figure 6.9 shows that the anchor radio reaches a steady state drop of a little under 1 volt on the 4 volt
supply over the 4.9Ω current shunt resister.
Figure 6.9: Anchor Radio’s Measured Voltage Drop Over 4.9Ω Current Shunt Resister




0.204A× 3.0V ≈ 0.612W (6.2b)
6.5.2.2 Pedestrian Hardware Power
The pedestrian mounted hardware is more sensitive to power consumption, as the hardware must be powered
by a battery. Figure 6.10 gives the voltage drop over the 4.9Ω current shunt resister on the 5V USB supply
for the hardware pedestrian mounted hardware. The UWB radio’s power draw can be seen as the seven
spikes in voltage, shown in more resolution in Figure 6.11. The pattern is shown to repeat every 1.2s (shown
as ∆X in Figure 6.10) which matches the observed 200ms radio communication time, plus 1.0s sleep between
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0.199A× 4.025V ≈ 0.8W (6.3b)




0.328A× 3.392V ≈ 1.11W (6.4b)
This leads to Equation 6.5 which estimates 6.5Wh is required to power the RTLS prototype for an 8 hour
workday. This would require at least a 1750mAh battery to supply the required power for the full 8 hours.







0.0332× 1.1W + 0.9668× 0.8W ≈ 0.81W (6.5c)




This is a surprisingly feasible power usage for a first generation prototype. The STM32F discovery board
has multiple LED’s, a built in programmer chip, and a USB peripheral that would not be drawing current
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Figure 6.11: Radio Power Draw Analysis
on a consumer device. Likewise the code was not optimised for power draw at all, keeping the processor
and UWB transceiver on at all times. As calculated in Equation 6.5b, the steady state is 97% of the total
operation time, so massive gains can be made by optimising the sleep states of the hardware.
6.5.3 Anticipated Production Cost
The production cost of the prototype as a consumer product is hard to estimate with the state of the
prototype. Table 6.1 is the best approximation of the price of critical components of the device at current
market price. The total does not include the PCB production costs, passive circuit components, battery
charging chips and circuitry, and an enclosure.
Subsystem Item Name Single Source 1000 Unit Cost (USD)
UWB Radio DWM1000 Transceiver
Module
Yes 17.59
Embedded Processor STM32F407VET6 No1 6.36
Gyro and
Accelerometer
Invensense MPU-6000 No1 5.85
Battery LiPo 2500mAh 3.7V No 10.002
Sum 29.80
1 Not a drop in replacement, would require change to code
2 No direct quote, estimated from current market price with high error margin
Table 6.1: Real-Time Localisation System Components Cost Breakdown
Chapter 7
Real-Time Prototype Performance
The Real-Time Localisation System (RTLS) prototype developed in the previous chapter was tested in the
existing warehouse section of the Foodstuffs Hornby Distribution Centre. The tests were conducted over
two consecutive days, with changes in anchor placement over the days. During the tests the DC was quite
congested, using floor space around the walls for temporary storage. This meant a great deal of wall space was
inaccessible, and the anchors could not be evenly distributed according to the plan as laid out in Figure 4.2.
On the second day (when the tests in Section 7.4 and Section 7.5 were conducted), the anchors on the lower
wall (wall near 0m in the y axis) were surrounded by product as shown in Figure 7.1.
Figure 7.1: Placement of an Anchor Radio on Day Two of Testing
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7.1 Path Planning and Ground Truth
The ground truth data was gathered using the surveying wheel, the implementation of which is described in
Section 6.1.4. The planned paths were mapped out beforehand as a series of line segments, whose vertices
were at known positions and marked with tape. When the path was walked, the pedestrian was followed
by an assistant who kept the surveying wheel in line with the pedestrian’s feet. At a vertex, the assistant
clicked a button on the surveying wheel which logged the event and calculated the error between the ground
truth wheel and the expected position of the vertex. To minimise any interaction with the radio, the
assistant walked alongside the pedestrian’s right side. This system allowed the measurement of the real-time
performance of the localisation system, not just the performance while standing still.
7.1.1 Observed Ground Truth Error
Each vertex was measured and marked with more accurate tape measure before the trials. Figure 7.2 shows
the distribution of the observed ground truth error accumulated by the wheel while traveling to each vertex in
all tests. The average error is 0.4 metres with a 95% confidence at 1.0 metres. The magnitude of the observed
error is slightly surprising. Due to the wheel counter measuring only five points on the metre circumference
wheel, an error of up to 0.4 metres was expected1. The source of the remaining error is unknown.
7.2 Down Aisle Test
The first test of the RTLS prototype is the path shown in Figure 7.3 where the pedestrian walks up and then
back down a single aisle. The path was selected because the simulations conducted in Section 5.2 show the
best performance should be within the racking. The goal of this test is to confirm the simulation’s predictive
accuracy and measure the best case accuracy of the prototype RTLS.
Figure 7.4 shows the path from the five trials which were conducted. The RTLS prototype was localised and
tracked the pedestrian throughout the path, even when 27.4% of the updates had no UWB radio contact.
Figure 7.5 is the histogram of the localisation error over all trials. The average position has 1.0 metres of
error, with 2.18 metres of error at 95% confidence.
7.3 Outside Aisle Test
The second test was conducted to demonstrate a more realistic short path with sections both inside and
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Figure 7.2: Ground Truth Error Distribution Over All Tests
Figure 7.3: Down Aisle Test Path
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(a) (b) (c) (d) (e)
Figure 7.4: Mean Position During Down Aisle Real-Time Localisation Trials
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Figure 7.5: Down Aisle Localisation Error Over Five Trials
earlier limited the placement of the anchor radios. Figure 7.6 shows the modified test path; where the
pedestrian starts at the bottom left and proceeds to walk the path down and back.
Figure 7.7 shows the RTLS prototype’s results from the five trials conducted, with Figure 7.8 showing the
localisation error distribution. The localisation tracking in the outside aisle test clearly performs worse than
the test conducted in Section 7.2, with a average localisation error of 1.44 metres, and 4.0 metres at 95%
confidence. In two trials (Figure 7.7c and Figure 7.7e) the ending position is stably localised in error greater
than 4 metres. Figure 7.7d shows a similar ending error, but the position is trending back to the correct
position.
7.4 Slalom Path Test
The next test is a long path that tests the localisation stability over longer tests and demonstrates the
steady state accuracy. The path, shown in Figure 7.9, starts at the bottom right and ends at the top left,
snaking though all the aisles covered by anchor radios. As in the test in Section 7.3, the anchors could not
be uniformly distributed due to temporary obstacles in the warehouse.
Figure 7.10 shows the results from the three trials. The localisation is successful in tracking the pedestrian’s
general position. Figure 7.11 shows the distribution of the localisation error. The average error is 1.26 metres
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Figure 7.6: Outside Aisle Test Path
and a 95% confidence at 3.1 metres.
7.5 Arbitrary Missions Test
The last test of the RTLS prototype was designed to simulate a real-world situation of picking from arbitrary
slots within the racking structure. The pedestrian started at the bottom right, and began picking from a
randomly chosen slot (selected via a python script). When the pedestrian arrives at the spot the pedestrian
would pace around the selected slot for at least 10 seconds before moving to the next target. The surveying
wheel was not used for this test because of the unknown nature of the path taken in each trial. The wheel
also required a second pause to re-align on 90◦ turns, leading to unnatural starts and stops while traversing
between aisles.
Figure 7.12 gives the RTLS prototype’s output for the five trials. The prototype remains localised throughout
the test and returns to the starting position at the end of each trial. Figure 7.12b, Figure 7.12c, and
Figure 7.12e show instances where the pedestrian remained in a single aisle for two slot interactions without
ill effect to the localisation. In the mission for Figure 7.12c the slots were right next to each other, yet two
distinct clusters can be seen.
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(a) (b) (c)
(d) (e)
Figure 7.7: Mean Position In the Outside Aisle Localisation Trials
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Figure 7.8: Outside Aisle Localisation Error Over Five Trials
Figure 7.9: Slalom Test Path
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(a) (b) (c)
Figure 7.10: Mean Positions In The Slalom Localisation Trials














Figure 7.11: Slalom Localisation Error Over Three Trials
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(a) (b) (c)
(d) (e)
Figure 7.12: Mean Position In The Arbitrary Missions Localisation Trials
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7.6 Discussion
Section Test Name Average Error (m) Error at 95%
Confidence (m)
Section 7.2 Down Aisle 1.0 2.18
Section 7.3 Outside Aisle 1.44 4.0
Section 7.4 Slalom 1.26 3.1
Table 7.1: Summary of Real-Time Localisation System’s Tests
7.6.1 UWB Radio Coverage
The UWB radio coverage was significantly worse in the warehouse than predicted from simulation. Fig-
ure 7.13 was generated from nearest neighbor interpolation from the slalom tests, to be compared with the
simulated radio coverage displayed in Figure 4.3.
The first observation is the simulation predicted areas outside the aisle would be covered by three radios at
all times. Three radio coverage was spotty in the warehouse testing, occurring most often in the region at
the bottom of the warehouse where three anchor radios were next to each other.
Figure 7.13 also reveals regions within the racking that have no radio coverage at all. Testing conducted in
Section 3.6 and Section 3.10.2 concluded that a UWB radio had more than enough effective range to cover
the length of the aisle. The pedestrian’s head blocking the signal would not be the primary cause because
the pedestrian is walking straight down the aisle.
The author’s theory on the reduced effective range of the UWB communications is due to the antenna
orientation. The planer omnidirectional antenna used on the prototype has regions where the gain is almost
zero[87]. During range and performance testing, all the radios were oriented face on, giving only the best-
case effective range. When testing the RTLS, as the pedestrian got further from the walls, the pedestrian’s
antenna trended to being edge on to the anchor radios’ face. This would have resulted in a lower gain from
the antenna, and a lower effective range for the UWB signals.
7.6.2 Racking Intersection Performance
The racking intersection algorithm performed well in maintaining the localisation with far fewer radio mea-
surements than first expected. As seen in the simulation, the covariance of the UKF fills up the width of the
rack. An example shown in Figure 7.14, step 66 of the slalom test in Figure 7.10a. The pink line shows the
radio observation’s mean, with the 2 sigma variance of the radio measurement denoted by the green lines.
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Figure 7.13: Slalom Test Radio Coverage
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The localised position is shown as the purple point, with the red line denoting the velocity and orientation.
The 2 sigma covariance of the position is shown as the light blue ellipsis, and fills the width of the aisle.
Figure 7.14: UKF Mean And Covariance Example In Racking
The position covariance shows the limits of the tracking accuracy within the aisles. Due to low resolution
on the pedestrians position on the x axis, the covariance is constrained by the racking.
7.6.2.1 Wall Sliding
A common occurrence in the slalom test is the mean being ’stuck’ on the face of a rack. Figure 7.15 shows
the details of the UKF at step 220 on the third aisle from the left in Figure 7.10b. The sigma points at the
observation phase of the UKF are shown as teal points with red velocity and orientation markers. Most of
the sigma points are at the edge of the rack, having been moved there by the racking intersection translation
model as described in Section 5.2.4.4. The concentration of the sigma points with a similar x value leads to
a estimation with a mean with the same x value. This is compounded by the radio measurements having
little accuracy in that dimension, so no correction is applied during the observation phase.
The orientation error keeps the localisation algorithm on the aisle’s edge. The error is principally generated
by the racking intersection translation algorithm moving all the sigma points to the edge of the rack. Sigma
points with orientation error pointing towards the racking have their position error in the x dimension set
the same as the other sigma points during the racking intersection translation. This results in a bias towards
the racking.
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Figure 7.15: Detailed UKF Breakdown During Wall Sliding
7.6.3 Anchor Radio Four Outliers
The phenomenon discovered in Section 3.11 was witnessed in a single radio and aisle during the course of
the test. Anchor radio four was positioned on aisle 405 on both days, and on both days (see Figure 7.16)
gave measurements that were more than 10 metres short of the ground truth. No other radios over the two
days of testing gave any measurements with this magnitude of error.
It is still unknown what causes the outlying measurements. Anchor radio four was not the same radio used
in gathering data for Section 3.11. The aisle, shown in Figure 7.17, had a similar mix of product to other
aisle in the test.
The outliers were filtered out of the UKF observations by a 7 metre threshold. Any observations that were
more than 7 metres away from the predicted position were ignored. This filter operated separately from the
UKF because erroneous measurements could lead to a magnification of linearisation errors, as demonstrated
by Figure 7.18 (step 197 in Figure 7.12d).
There is no ground truth data for the test, but the tight grouping of blue historical mean positions show
a reasonably good prediction of the pedestrian’s current location. The update step produces a very bad
estimation of the current position, moving the estimation approximately 6 metres and into the racking. It
takes three more updates with good radio observations to return to a reasonable location estimation.
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(a) Outside Aisle Test (b) Slalom Test
Figure 7.16: Examples Of UWB Ranging Measurement Outliers
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Figure 7.17: Aisle 405 In The Foodstuffs’ Hornby Distribution Centre
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Figure 7.18: Erroneous Ranging Errors Magnifying Linearisation Error
7.7 Conclusion
This chapter presented the results of the Real-Time Localisation System Prototype hardware’s performance
in a warehouse environment. The system achieved the overall project goal of tracking the location of the
pedestrians in all conducted tests, with an average accuracy a little better than 1.5 metres to ground truth.
The RTLS was not as precise as the original target, ranging from 2m to 4m at 95% confidence.
Chapter 8
Future Work
This chapter proposes additional work to conduct based on the findings of this thesis. Improvements to the
hardware in a second prototype are discussed in Section 8.1 and changes to the software are discussed in
Section 8.2.
8.1 Hardware Improvements
8.1.1 Custom Printed Circuit Board (PCB)
The next step in prototyping this RTLS is to design and build the custom PCBs based on the hardware in
the existing prototype. The major benefit of the PCB would be the increase in signal integrity when the
microprocessor is communicating to the IMU and UWB radio transceiver. The maximum communication
speed with the MPU-9150 IMU was a major bottleneck in the current prototype. The I2C bus was only
able to run at 175 kHz, where the maximum should be 400 kHz[82]. Replacing the IMU with the MPU-6000
would allow access to a 20MHz SPI bus for reading sensor information[72], allowing more information to be
gathered for the pedometry algorithms.
A custom PCB would also permit a more realistic measure of the power requirements for the system. The
current prototype has multiple systems that are drawing power without a function. The PCB with the
embedded code improvements proposed in Section 8.2.1 will give an accurate prediction of the production
hardware’s power requirements.
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8.1.2 UWB Antenna Design for Pedestrian and Anchors
It was decided early on in the project to use the omnidirectional antennas provided with DecaWave’s
EVB1000 development kit. As discussed in Section 7.6.1, the omnidirectional antennas did not provide
a uniform gain in the RTLS testing. It will be valuable to select a new antenna that provides a more uniform
gain when the pedestrian is walking down the aisles. Improvements could also be made in a more focused
antenna on the anchor nodes, as they do not need to radiate energy into the outside walls of the warehouse.
8.1.3 Real-Time Ground Truth
The real-time ground truth recording, as discussed in Section 7.1.1, was not as accurate as first anticipated.
The surveying wheel also limited the measurement to a single dimension at any given time. If the RTLS
prototype’s precision needs to be measured more accurately, a new real-time ground truth will have to be
devised.
8.2 Software Improvements
8.2.1 Embedded Implementation of UKF
On the software side, implementation of the entire system on the embedded microcontroller is the next major
step in the prototype. 60% of the microcontroller’s time was spent sending the data over the UART bus to
the PC application, which would be eliminated in the rewrite. During the rewrite, the power saving sleep
modes on the UWB transceiver and microcontroller should leveraged for maximum power conservation.
8.2.2 Multiple User Spectrum Scheduling
Additional improvements can be done to manage the DW1000 transceivers more effectively. The current
implementation uses long waits and timeouts to be compatible with the DecaWave’s DecaRanging imple-
mentation. Additional work should be done to eliminate the long retransmission delays, powering off the
transmitter more quickly.
8.2.3 Pedometry Algorithm Improvement
The course of designing the prototype has shown the EMD provided by Invensense are not sufficient to
provide real-time velocity sensing based on pedometry. Improvements can be made on the accuracy of the
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pedometry sensing by increasing the sample rate of the accelerometer (see Section 8.1.1) and doing the full
pedometry tracking on the embedded system.
Reimplementing the pedometry on the embedded system will also allow for a more intelligent algorithm than
the EMD provides. The prototype currently only counts the number of steps, and extrapolates velocity via
the pedestrian’s stride length. It is known that the stride length changes as the pedestrian walks faster[88],
and the effect should be taken into account. The current algorithm also assumes that all velocity is in the
direction the pedestrian is currently facing. Using the accelerometer’s other axes, it should be possible to
identify the direction of the steps.
8.2.4 Automatic Calibration of Pedestrian Characteristics
The RTLS prototype described in this thesis uses the pedestrian’s height and stride length calibrated for
a single person. In a commercial product, these parameters must be calculated on the fly. When standing
still, three radio ranging measurements can be used to measure the pedestrian’s height. Stride length is
dependant to the length of the pedestrian’s legs, which can be approximated from the height[89]. From this




The goal of the project thesis is to develop a real-time localisation system that functions within a warehouse
environment that can be practically produced. The prototype developed as part of the project achieved the
basic performance requirements of the project of localising the pedestrian within an aisle. The prototype
achieved localisation within an average of 1.4 metres with 95% confidence under 4.0 metres. This fell outside
the initial goal of 2.0 metres at 95% confidence, but the localisation system was still stably tracking the
pedestrian with that precision. The electronic hardware of the prototype would cost approximately 30 USD
to manufacture in production. This leaves 20 USD for the packaging of the electronics into a robust wearable
device. The installation cost is minimised to a single radio per covered aisle.
During the course of selecting the most viable radio technology, a novel investigation of three commercially
available ranging technologies was conducted in the warehouse environment. To the authors best knowledge,
the performance of UWB ranging and RIPS in this type of environment has not been analysed.
The prototype implemented in this project presents a system that can localise a pedestrian in a warehouse
environment for under 50 USD. The testing conducted on the prototype shows the limits of the current design
and the performance of the technology in a realistic setting. The future work, as proposed by this thesis,
outlines the next steps to developing this prototype into a system that is commercially viable. As presented
in this thesis, there is no observed reason to assume that the 2 metre accuracy goal at 95% confidence is




AMD Advanced Micro Devices. Semiconductor company.
AoA Angle of Arrival. A localisation technique using triangulation.
AP Access Point. Usually referring to a WLAN Access Point.
ARM Advanced RISC Machine. Computer architecture commonly found in low power microprocessors.
COTS Commercial Of The Shelf. A commercially available product.
CPU Central Processing Unit.
CSS Chirp Spread Spectrum. A radio communication technique.
DC Distribution Centre.
DMP Digital Motion Processor. Specialised signal processing hardware in Invensense IMU chipsets.
DQF Distance Quality Factor. A factor used in Atmel’s Ranging Tool Box to quantify the quality of the
measurement.
DRIPS Dual-tone RIPS. A radio based localisation system.
DS-TWR Double-Sided Two Way Ranging. A ranging technique for radio signals.
DW1000 DecaWave UWB transceiver.
EKF Extended Kalman Filter.
EMD Embedded Motion Driver. Invensense supplied software for the DMP.
EVB1000 EValuation Board for the DW1000 UWB transceiver.
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FCC Federal Communications Commission. U.S.A. government agency that regulates radio communica-
tions.
FM Frequency Modulated. Usually referring commercial VHF broadcasting between 87.5 MHz to 108.0
MHz.
FMCW Frequency Modulated Continuous-Wave. Radar technology.
FTDI Future Technology Devices International. A semiconductor company.
GNSS Global Navigation Satellite System.
GPS Global Positioning System. A U.S.A GNSS system.
I2C Inter-Integrated Circuit. Short range serial communication bus commonly used in embedded systems.
IEEE Institute of Electrical and Electronics Engineers.
IMU Inertial Motion Unit. A sensor suite containing accelerometers and gyroscopes capable of measuring
physical motion.
ISM Band Portion of the radio spectrum reserved for use in Industrial, Scientific and Medical applications.
KF Kalman Filter.
LDC Low Duty Cycle. A mode of operation for UWB radios that minimises interference with narrowband
communication.
LED Light Emitting Diode.
MPU Motion Processing Unit. Invensense nomenclature for IMU with an integrated DMP.
NFER Near Field Electromagnetic Ranging.
NLoS Non-Line-of-Sight.
NZ New Zealand.
PC Personal Computer. Typically referring to any non ARM computer.
PCB Printed Circuit Board.
PMU Phase difference Measurement Unit. Hardware on the AT86RF233 to measure the phase delay of a
received signal.
RAM Random Access Memory.
RF Radio Frequency.
RIPS Radio Interferometric Based Positioning System.
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RSSI Received Signal Strength Indicator. Common measurement of a radio signal’s strength.
RT-ToF Round-Trip Time-of-Flight. A ranging technique for radio signals.
RTB Ranging Tool Box. Atmel sample ranging code for the REB233SMAD Evaluation Kit.
RTLS Real-Time Localisation System.
SIS Sequential Importance Sampling. A common particle filter algorithm.
SPI Serial Peripheral Interface. A serial bus commonly used in embedded systems for short distance com-
munication.
TDoF Time Difference of Flight. A radio based localisation technique.
ToF Time-of-Flight. A ranging technique for radio signals.
UART Universal Asynchronous Receiver/Transmitter. Hardware used in microcontrollers to drive a serial
communication bus.
UKF Unscented Kalman filter.
USB Universal Serial Bus.
USD United States Dollar.
UT Unscented Transform.
UWB Ultra Wide-Band. Radio technology that utilises a bandwidth at least 500 MHz wide.
VHF Band Very High Frequency. Radio band from 30MHz to 300 MHz.
WLAN Wireless Local Area Network. Wireless communication technology in the 2.4GHz ISM band.
XML Extensible Markup Language. Commonly used for storing structured data.
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